The harbour porpoise, Phocoena phocoena , experiences high levels of nonnatural mortality owing to interactions with commercial fisheries throughout its range. To accurately evaluate the significance of this bycatch, information on population structure is required. We have examined the population structure of this species in the northwest Atlantic Ocean using mitochondrial DNA (mtDNA) sequence and nuclear microsatellite data. Samples from four previously proposed summer breeding populations -the Gulf of Maine, eastern Newfoundland, the Gulf of St Lawrence and West Greenland -were analysed. Controlregion sequences revealed a significant partitioning of genetic variation among most of these summer populations, indicating that northwest Atlantic harbour porpoises should not be considered one panmictic population. Analysis of females alone yielded the highest levels of population subdivision, suggesting that females are more philopatric than males. At least three management units may be defined for harbour porpoises in the northwest Atlantic based on these data. Analysis of six microsatellite loci failed to detect significant population subdivision. Male-mediated gene flow may maintain homogeneity among nuclear loci, while female philopatry is sufficient to produce a signal of population subdivision in the maternally inherited mtDNA genome. mtDNA analyses also indicate that winter aggregations of harbour porpoises along the US mid-Atlantic states comprise animals from more than one summer breeding population.
Introduction
Management policies and practices for marine mammals in US waters differ significantly from the management methods based on evolutionarily significant units (Waples 1991) and are more akin to those based on management units (Moritz 1994) . In the USA, the Marine Mammal Protection Act of 1972 requires that each population of a marine mammal species present in US waters be maintained at a population size between the maximum net productivity level and carrying capacity (see Wade 1998 for details). The Marine Mammal Protection Act also mandates that 'population stocks' be maintained such that they remain a 'significant functioning element in the ecosystem of which they are a part' where a 'population stock' is defined as: 'a group of marine mammals of the same species or smaller taxa in a common spatial arrangement that interbreed when mature'. Thus, the Marine Mammal Protection Act provides for, and in fact mandates, management of marine mammals at levels below that of the species, but provides only vague direction as to how such management units are to be defined. Determining directly whether individuals in a group of marine mammals are interbreeding is difficult in the wild. Furthermore, we have a limited understanding of what barriers to movement and gene flow may be encountered by highly mobile creatures, such as porpoises. Thus, it is difficult to determine where one population boundary ends and the next one begins.
The harbour porpoise, Phocoena phocoena , is a small, delphinoid species found throughout north temperate and subarctic waters of the world. This species is primarily restricted to coastal waters, particularly during the breeding season. Throughout its range, this species experiences a high degree of incidental mortality, primarily as a result of entanglement in gillnets ( Jefferson & Curry 1994) . In US waters of the Gulf of Maine in the northwest Atlantic, the minimum estimated bycatch averaged 1833 animals per year between 1990 and 1995 (Bravington & Bisack 1996; Bisack 1997) . This level of bycatch exceeds that allowable under federal law and exceeds the International Whaling Commission's (IWC) maximum recommended removal rate (IWC 1993) . The high bycatch rate has raised considerable concern over the sustainability of this Gulf of Maine population. At one time, the US federal government was petitioned to list the population as threatened under the Endangered Species Act. The IWC has also expressed concern and has requested that member states reduce bycatch of this species (IWC 1991 (IWC , 1992 (IWC , 1993 . In Canada, similar problems exist and the species is listed as threatened in the northwest Atlantic by the Committee on the Status of Endangered Wildlife (Gaskin 1992) .
Management efforts for harbour porpoises in the northwest Atlantic are complicated by the fact that the species crosses international boundaries. In addition to US waters of the Gulf of Maine, during summer months harbour porpoises are common in coastal Canadian waters: in the Bay of Fundy, the Gulf of St Lawrence and around eastern Newfoundland, as well as in coastal waters of West Greenland. Bycatch occurs in all of these regions. Gaskin (1984) defined each of these four geographical regions in the northwest Atlantic -the Gulf of Maine/Bay of Fundy, the Gulf of St Lawrence, Newfoundland-Labrador and Greenland (western and southeastern) -as separate 'subpopulations'. These areas contain the highest density of porpoises in the northwest Atlantic during the summer months. The presence of porpoises in these regions is highly seasonal. Breeding is also highly seasonal and occurs during a relatively short period of time in the spring or summer. Female porpoises attain sexual maturity at ≈ 3.5 years and the majority breed every year (Read 1999) .
Calves remain with their mothers from 8 to 18 months, certainly for their first summer season (Gaskin 1992) , and it is unlikely that a juvenile born in the Gulf of Maine, for example, would be found off Newfoundland that same summer. Therefore, biological and ecological evidence suggest that these four regions may serve as core areas in the northwest Atlantic where harbour porpoises forage and reproduce during the summer months. These population subdivisions have formed the basis for the majority of management discussion over the last decade.
The degree of mixing of animals from these four regions is unknown. Satellite telemetry data suggest that porpoises in the Bay of Fundy/Gulf of Maine region are relatively restricted in their movements (Read & Westgate 1997) . However, harbour porpoises leave most of the summer breeding areas during winter months and it is unclear where they go. Significant increases in the number of porpoise strandings along the mid-Atlantic states in late winter and early spring (Polachek et al. 1995) suggest that at least some animals migrate south along the coast, but whether these are animals from the Gulf of Maine and/or from Canadian waters is unknown. The midAtlantic animals also experience incidental mortality in gillnets (Haley & Read 1993) . There is a critical need to know from which summer population these animals originate, in order to accurately estimate the level of incidental mortality affecting the population(s).
Mandates to accurately quantify the 'biological significance' of bycatch have led to a critical need for an accurate picture of the population structure of harbour porpoises in the northwest Atlantic. Wang et al. (1996) conducted a restriction fragment length polymorphism (RFLP) analysis of mitochondrial DNA (mtDNA) isolated from harbour porpoises from three putative populations in the northwest Atlantic, including the Gulf of St Lawrence, Newfoundland and the Bay of Fundy. Their results suggest the presence of a weak cline in mtDNA genotype frequencies from the Bay of Fundy north to Newfoundland. The strongest support for population subdivision was present when females were analysed separately, suggesting some degree of philopatry by female porpoises (Wang et al. 1996) . The purpose of this research was to further examine the validity of the four proposed subpopulations of harbour porpoises in the northwest Atlantic using genetic markers with a higher resolving power than mtDNA RFLP analysis, namely mtDNA control-region sequences and microsatellite markers, with the aim to augment baseline data available for management of the species.
Materials and methods

Samples
Tissue samples from 253 porpoises were collected from the four proposed summer breeding populations in the northwest Atlantic: the Gulf of St Lawrence, eastern Newfoundland, within the Gulf of Maine/Bay of Fundy, and West Greenland; and from a presumed wintering population along the mid-Atlantic United States (New Jersey to North Carolina) (Fig. 1) . All summer population samples were collected from incidentally entangled animals, thereby eliminating complications (e.g. dilution of genetic signal) arising from samples collected from stranded animals that may have floated in from elsewhere. Samples collected from the mid-Atlantic states were from stranded animals; however, as there is no other known source of animals in this area during winter, we feel it is safe to assume that they are representative of the mid-Atlantic states' aggregation. DNA was extracted following standard proteinase K digestion and phenol-chloroform extraction, as described in Rosel & Block (1996) .
Mitochondrial control-region sequences
A 450-bp region of the 5 ′ end of the highly variable control region and flanking tRNAs was amplified using the polymerase chain reaction (PCR) and the primers L15824 (5 ′ -CCTCACTCCTCCCTAAGACT-3 ′ ) and H16265 (5 ′ -GCCCGGTGCGAGAAGAGG-3 ′ ) (Rosel et al. 1999) , with positions defined based on the complete mtDNA sequence of the fin whale (Árnason et al . 1991) . Genomic DNA (50 -250 ng) was added to a 50-µ L PCR reaction mix (Saiki et al. 1988) containing 10 m m Tris-HCl, pH 9.0, 50 m m KCl, 15 pmol of each primer, 150 µ m of dNTPs and 1.5 U of Taq DNA polymerase. The cycling profile consisted of an initial denaturation at 95 ° C for 30 s, followed by 30 cycles of 1 min at 94 ° C, 1 min at 55 ° C and 1 min at 72 ° C, and was performed in a Perkin-Elmer thermocycler (model 480). Five microlitres of the product was screened on a 1% agarose gel to determine the quality of the reaction, and the remaining 45 µ L of double-stranded product was gel purified and digested with 5 -10 U of agarase (Sigma). A sample (3.5-8.5 µ L) of this digestion mix was used in a cycle-sequencing reaction using fluorescently labelled dideoxy terminators and Amplitaq FS, according to the manufacturer's recommended conditions (Applied Biosystems) and loaded onto an ABI 373A automated DNA sequencer. All samples were sequenced in both directions with the primers used in the amplification. Alignment of the resultant sequences was performed by eye.
Nucleotide and haplotypic diversity were estimated for all populations (Nei 1987 ) using the program arlequin (Schneider et al. 1996 ). An analysis of molecular variance ( amova ; Excoffier et al. 1992 ) was conducted to detect concordance between DNA sequences and geographical location. The amova calculates Φ ST , corresponding to Wright's F ST (Wright 1978) , a measure of population subdivision. Φ ST incorporates information on both the degree of genetic distance between haplotypes and the frequencies of haplotypes in each population. A distance matrix of gamma distances (Tamura-Nei model of evolution, α = 0.5, as recommended for control-region sequences; Kumar et al. 1993 ) was generated using the computer program mega (Kumar et al. 1993) for use in arlequin . The amova was also run using the option of utilizing haplotype frequency data only, i.e. not incorporating the degree of genetic distance between haplotypes, resulting in an estimate of Wright's F ST Recently, O'Corry-Crowe et al. (1997) have suggested that this latter method of analysis may be a better estimate of population differentiation in situations where many very closely related haplotypes exist and little phylogeographical structure is observed in the data. These properties are often present in recently separated populations, where sufficient time has not elapsed to allow for sorting of mtDNA lineages into the separate populations. However, haplotype frequencies can respond more quickly to a reduction in genetic exchange, and so haplotype frequencies may differ significantly among populations before phylogeographical partitioning is evident. In these situations, estimates of F ST may more accurately reflect the degree of population subdivision, while Φ ST may be biased downward. In pairwise population comparisons, F ST , rather than Φ ST , is presented.
The amova was first performed excluding the midAtlantic States, as this was a winter sample and it is unknown from which summer breeding population or populations it originates. However, to determine whether we could identify the source of these wintering animals, they were included in a subsequent analysis. In all cases, analyses were conducted using both sexes and then repeated on each sex separately. In addition, to determine whether the sample from the mid-Atlantic states may have been derived from just one of the summer populations, pairwise tests for homogeneity of haplotype frequencies between each summer sample and the winter sample were performed using contingency tests. Monte Carlo methods implemented in the program rxc of Miller (1997) were utilized to determine significance levels ( Pvalues) of these tests. Furthermore, under the assumption that the winter sample comprised a mixture of the summer populations, the mtDNA data were analysed using methods of standard likelihood mixture models (Pella & Milner 1987) . Relative contributions of each summer stock were estimated using a conditional maximumlikelihood approach with bootstrapping for precision, as implemented in the program consqrt (Masuda et al. 1991) . To test whether the data contained sufficient signal to determine the source of the mid-Atlantic states sample had it come from a single summer population, four sets of summer + winter samples were generated using the program simulatr (kindly provided by J. Pella and M. Masuda, and available at ftp://wwwabl.afsc.noaa.gov/ sida/mixture-analysis/) and processed using the conditional maximum-likelihood mixture-analysis approach. For each of the four simulations, the simulated data for the winter 'mixture' was taken from just one of the summer populations and sample sizes were identical to those present in the original data.
Finally, a minimum spanning network of mtDNA haplotypes was constructed using the program minspnet (Excoffier & Smouse 1994) to visually examine relationships among the haplotypes.
Microsatellite isolation
Harbour porpoise-specific microsatellites were isolated following the procedure of Pulido & Duyk (1994) . Genomic DNA from two northwest Atlantic harbour porpoises was pooled and digested with the restriction enzyme Alu I. The digested DNA was size selected (300 -800 bp), modified with Bst XI adapters, ligated into the phagemid cloning vector pJCP1 (provided by G. Duyk, Harvard Medical School) and transformed into the dutung -Escherichia coli strain JMG1 (provided by G. Duyk, Harvard Medical School). This constituted the primary library. The primary library was infected with the M13 helper phage M13K07 (Promega) and single-stranded circular phagemid DNA was recovered. This DNA was used as a template for primer extension using a (CA) 10 oligonucleotide probe. The double-stranded primerextension products were transformed into pBluescript (Stratagene). Colony lifts were screened using a 32 P endlabelled (CA) 10 oligonucleotide probe according to standard procedures (Sambrook et al. 1989) . Plasmid DNA was purified from positive clones using a Wizard miniprep kit (Promega) and was sequenced on an ABI 373A automated sequencer, following the manufacturer's instructions. PCR primers to unique loci containing perfect microsatellites of 13 or more repeat units were designed using the computer program pipeline (Resnick & Stein 1995) . Primers for each locus were synthesized commercially with a fluorescent phosphoramidite dye attached to the 5 ′ end of one primer of each pair. Eight of the nine loci were polymorphic.
Microsatellite data collection and analysis
Harbour porpoise samples from the northwest Atlantic were genotyped using these eight loci. Amplifications were conducted in 25-µ L reaction volumes containing 10 m m Tris-HCl, pH 9.0, 50 m m KCl, 150 µ m of dNTPs, 7.5 pmol of each primer, 0.75 U of Taq DNA polymerase and 10 -50 ng of genomic DNA. The cycling profile consisted of an initial denaturation at 95 ° C for 30 s, followed by 25 or 27 cycles (see Table 6 ) of 94 ° C for 30 s, 50 ° C or 55 ° C for 30 s and 72 ° C for 30 s, and was performed in a Perkin-Elmer thermocycler (model 480 or 9600). Amplified products were mixed with a size standard (Genescan-500 TAMRA) and loaded onto an ABI 373A automated sequencer (ABI). Sizing of allele fragments using the Genescan Analysis software (ABI) was automated and relied on the use of the internal lane standards (Ziegle et al. 1992 ). Because we isolated a dinucleotide repeat, allele sizes should differ by 2 bp owing to the mutational processes that produce the length variation (Tautz & Renz 1984; Levinson & Gutman 1987) . In practice, however, because of the influence of base composition and charge on the mobility of these DNA fragments and the size standard in a gel matrix, 2-bp increments among alleles were not always achieved. As a result, it was necessary to bin fragments into discrete allele categories. This was accomplished by sorting all the alleles at a locus by size. Inspection of this graphical representation of all the alleles clearly showed the cut-off points between each successive allele size.
Genetic diversity was characterized by observed heterozygosity ( H O ), expected heterozygosity ( H E ) and the number of alleles per locus ( A ). The analysis package genepop version 3.1 (Raymond & Rousset 1995) was used to perform a variety of statistical tests. Deviations from Hardy-Weinberg equilibrium (HWE) were examined for each population at each locus and for each locus at each population using Fisher's exact test. P -values were estimated using a Markov chain model (Guo & Thompson 1992) . Tests for differences in genotypic distributions among populations were also performed. genepop default parameters were used for the Markov chain tests (dememorization, batches, iterations). Sequential Bonferroni corrections (Rice 1989) were made to adjust significance levels for multiple tests. The amova was used to test for correlations between geographical collection location and microsatellite DNA diversity. With microsatellite data, the Φ ST estimator incorporates variance in allele size and distribution of alleles in each population. Finally, Slatkin's R ST , an analogue of F ST that assumes a stepwise mutation model rather than an infinite alleles model (Slatkin 1995) , was also estimated. Owing to differences in sample sizes among the different populations, Goodman's (1997) unbiased estimate of R ST was obtained using the program rstcalc 2.2.
Results
Mitochondrial control-region sequences
We resolved 342 bases of the mitochondrial control region from 253 west Atlantic harbour porpoises, including 50 from West Greenland, 42 from Newfoundland, 40 from the Gulf of St Lawrence, 80 from the Gulf of Maine and 41 from the mid-Atlantic states winter sample. There were 61 variable positions defining 75 unique haplotypes (Table 1) . Several common haplotypes were shared across 1  1  2  20  1  2  2  1  6  21  3  2  3  4  3  15  22  1  1  23  1  1  24  2  2  4  25  1  1  26  2  2  1  5  27  1  1  2  28  1  1  1  3  29  1  1  2  1  5  30  2  1  1  1  5  31  1  1  32  1  1  33  2  1  3  34  1  1  2  35  1  1  2  36  1  1  37  1  1  2  38  2  2  4  39  1  1  40  1  1  1  3  41  1  1  42  1  1  1  3  43  1  1  44  1  1  45  1  1  46  1  1  47  1  1  2  48  1  1  2  49  1  1  50  2  2  51  1  1  2  52  1  1  53  1  1  54 1 1 most populations, but each region was also characterized by rarer, unique haplotypes. Haplotypic diversity estimates ranged from 0.84 in the Gulf of Maine population to 0.97 in the Gulf of St Lawrence and West Greenland populations, with an overall average of 0.93. Nucleotide diversities ranged from 0.99% in the Gulf of Maine to 1.26% in West Greenland, with an overall average of ≈ 1.1% (Table 2) . A minimumspanning network (Fig. 2) consisted of two common haplotypes from which radiated multiple, rare haplotypes. A clear pattern of haplotype and geographical locale was not detected. The most commonly occurring haplotypes, 3 and 14, were found in all sampling locations, but with differing frequencies, and each has given rise to a number of closely related haplotypes, including five singly occurring haplotypes, unique to West Greenland, originating from haplotype 14, and five singly occurring haplotypes, unique to the Gulf of Maine, arising from haplotype 3. Extensive homoplasy in the data is evident in the large number of possible alternative connections in the network.
The amova results indicated the presence of population subdivision among the summer breeding populations. Whether the amova analysis was performed using genetic distance and frequency information ( Φ ST ), or using haplotype frequencies alone ( F ST ), the results using both sexes together indicated that a significant amount of the molecular variance could be accounted for by differences among populations ( results for females alone differed significantly from zero using either of the amova analysis methods (Table 3) . For males only, the analysis of haplotype frequency alone yielded a significant F ST value (Table 3) . For both sexes pooled together, pairwise population comparisons of F ST values showed a significant partitioning of the molecular variance, after sequential Bonferroni correction, for all pairs except the Gulf of St Lawrence to West Greenland comparison when using haplotype frequency data (Table 4) . For females alone, the Gulf of Maine population differed significantly from all other summer breeding populations. For males, four of six pairwise comparisons yielded significant F ST values; the Gulf of Maine to Gulf of St Lawrence and the Gulf of St Lawrence to West Greenland comparisons were not significant.
Inclusion of the mid-Atlantic states samples into the analysis decreased overall Φ ST and F ST values in all three cases: both sexes analysed, females alone and males alone (Table 3) . Pairwise comparisons between the mid-Atlantic states and all other populations yielded F ST values that did not differ significantly from zero, except the Gulf of Maine to mid-Atlantic comparison using females. This may stem from the fact that the number of females in the Gulf of Maine sample was very small.
Contingency table analysis rejected homogeneity of haplotype frequencies between the Gulf of Maine and the mid-Atlantic states winter sample (P < 0.06), but found no significant differences in haplotype frequencies between the winter sample and any of the remaining summer samples (0.39 < P < 0.99). Pooling of haplotypes into six categories to reduce the risk of problems associated with many rare haplotypes did not alter this conclusion. On the other hand, the conditional maximum-likelihood mixture analysis demonstrated that the winter sample A, amova using genetic distance and haplotype frequency information; B, amova using haplotype frequencies only. is probably a mixture of more than one of the summer populations as none of the confidence intervals for the contributions of the four summer populations included 100% (Table 5 ). However, the mtDNA haplotype frequencies of these four summer populations were not sufficiently distinguishing to accurately determine the relative contribution of each population to the winter midAtlantic sample (Table 5 ). Finally, use of the program simulatr indicated that the stock mixture analysis could have distinguished the sole summer source of the midAtlantic states sample if it existed (data not shown).
Microsatellite isolation
Screening of ≈ 1500 colonies resulted in 265 (18%) positive clones of which 60 were sequenced. The nucleotide sequences were examined for duplicates using the computer program sts pipeline (Resnick & Stein 1995) , which also simultaneously designs primer pairs for each locus.
We found that 23 of 45 (51%) clones were considered to be duplicates by this program. Upon closer examination, we discovered that they were not identical sequences because the repeat region and flanking regions of most of these clones were different. However, they all contained a common sequence of ≈ 100 bp either upstream or downstream of the cloned microsatellite region, causing the computer program to consider them duplicates. When compared with sequences in the GenBank DNA database, this common sequence showed 74% identity with a region of a cosmid-derived microsatellite sequence cloned from the cow, Bos taurus (Y. Zhang et al. 1995 ; GenBank accession no. X86815). We chose to eliminate these clones from further analysis because it seemed probable that they might be associated with a larger satellite DNA sequence present in the genome. Primers designed by sts pipeline (Resnick & Stein 1995) were synthesized for nine of the isolated microsatellite markers. Each locus was screened for variation using seven porpoise samples. Eight of the nine loci amplified the appropriately sized DNA fragment were polymorphic (Table 6 ). However, as we continued genotyping all samples for all alleles, we encountered difficulties in scoring alleles for locus PPHO102. We therefore discontinued use of this microsatellite locus.
Microsatellite analysis
Summary statistics for microsatellite variation are shown in Table 7 . As expected, microsatellite variation within populations was high compared with other nuclear markers (e.g. allozymes), with the number of alleles per We examined the microsatellite data for evidence of population structure. An analysis of the distribution of genotypes among populations at each locus revealed significant differences in 10 of 60 pairwise comparisons (P < 0.05); however, after a Bonferroni correction for multiple comparisons, only the Newfoundland vs. the Gulf of St Lawrence comparison at locus PPHO104 was significant (P = 0.002).
Most of the variation in genetic diversity was found within populations. The analysis of population subdivision attributed less than 0.5% of the genetic variance to among-population variation, which was not significantly greater than 0 (F ST = 0.18%, P = 0.052; R ST = 0.24%, P = 0.181). Among pairwise population comparisons, only a single value was marginally significant (Gulf of Maine vs. Newfoundland, F ST = 0.62%, P = 0.005); all pairwise R ST values were not significant. Estimates of pairwise Nm values ranged from 16.1 to infinity.
Discussion
Genetic diversity
The northwest Atlantic populations of Phocoena phocoena show substantially higher levels of mtDNA diversity than populations present in the northeast Atlantic (Tiedemann et al. 1996; Walton 1997; Wang & Berggren 1997; Number of individuals (N ), range of allele sizes (R), number of alleles (A), and expected (H E ) and observed (H O ) heterozygosities are given for each locus in each population. Mean values of N, A and H O across loci within each population are given for all loci, and for all loci except PPHO133 (see the text). *Indicates a significant heterozygote deficit (P < 0.0001).
et al. 1999), and similar or slightly lower levels than those of the northeast Pacific (Rosel et al. 1995) . Walton (1997) sequenced the homologous section of the control region of 327 harbour porpoises from the northeast Atlantic and found only 24 unique haplotypes. In this study, 253 porpoises from the northwest Atlantic revealed 75 unique haplotypes. Likewise, nucleotide diversity in the northwest Atlantic sample was nearly twice that estimated for the northeast Atlantic. These differences suggest that the northwest and northeast Atlantic populations of harbour porpoises experience limited genetic exchange (Rosel et al. 1999) .
The average H O value at six microsatellite loci ranged from 0.81 to 0.91. As expected for these loci with high mutation rates, the values are substantially higher than those estimated from allozyme data. Andersen (1993) surveyed 31 allozyme loci in 262 harbour porpoises from the northeast Atlantic and West Greenland and found that only two were polymorphic. Average H O values estimated from her data for these two loci were 0.328 and 0.387, respectively. Andersen et al. (1997) later collected microsatellite data from three loci in these same populations: two loci were isolated from pilot whales (Schlötterer et al. 1991) and one was developed from sequence from cows and pigs (Kirkpatrick 1992) . Two of these loci showed significant deviations from HWE in the West Greenland sample, and the authors suggested that this may have resulted from inbreeding or sampling of multiple populations. Our West Greenland samples, collected in the same areas and time periods, showed no evidence of deviation from HWE (with the exception of locus PPHO133, which showed a significant heterozygote deficiency in all populations) and hence do not support the presence of inbreeding or a mixed sample. It may be that a null allele was present at these two loci, as they were derived from evolutionarily divergent taxa.
The mean H O value for harbour porpoise microsatellites was higher than that found in other cetacean species using loci isolated from the species studied. A world-wide sampling of humpback whales (Valsecchi et al. 1997) , using three loci, produced a mean H O value of 0.79 with an average of 15.3 alleles per locus. Using five microsatellite loci, Richard et al. (1996) found an average of 10.2 alleles per locus and a mean H O of 0.79 in sperm whales, Physeter macrocephalus. A survey of 15 loci from beluga whales, Delphinapterus leucas, revealed the lowest diversity levels, with an average of 8.6 alleles per locus and a mean H O of 0.65 (Buchanan et al. 1996) .
Geographic variation
Examination of harbour porpoise control-region sequences revealed small, but significant, differences in the spatial distribution of genetic variation among summer breeding populations in the northwest Atlantic. Analyses based both on mtDNA control-region haplotype frequencies alone (F ST ) and haplotype frequencies coupled with the degree of genetic divergence between haplotypes (Φ ST ), indicated that there is significant partitioning of genetic variability among the four populations. The Gulf of Maine population was differentiated from all other summer populations. Not surprisingly, this population is the most geographically isolated of the four populations. Satellite telemetry data gathered from nine porpoises tagged in the Bay of Fundy/Gulf of Maine also indicate that this population is disjunct. None of the tagged porpoises left the area, leading the authors to conclude that this population is restricted in their movements (Read & Westgate 1997) . The Newfoundland population also showed significant differentiation from the other populations. The habitat used by porpoises off eastern Newfoundland is also fairly well isolated from the other areas by both intervening land masses and deep water. Finally, the Gulf of St Lawrence and West Greenland populations could not be discriminated from one another. These results are congruent with an analysis of organochlorine contaminant levels in juvenile harbour porpoises, which revealed significant geographical variation in contaminant levels among the Gulf of St Lawrence, Newfoundland and Bay of Fundy/Gulf of Maine populations (Westgate & Tolley 1999) .
Although the degree of partitioning of genetic variability among the four summer populations was small, it differed significantly from zero, indicating that these four populations are not panmictic. Many of the present day summer feeding areas, including the Gulf of St Lawrence, the Bay of Fundy/Gulf of Maine, western Greenland and at least the coastal waters around eastern Newfoundland, were covered with ice during the last glacial periods 17 000 -21 000 years (Williams et al. 1998) and hence did not provide suitable habitat for harbour porpoises. Thus, the Gulf of St Lawrence, West Greenland and Newfoundland summer habitats contain relatively young populations and it is probable that there has not been sufficient time to effect significant mtDNA lineage sorting among them. The estimates of genetic exchange rates may thus be biased upwards, a signature of evolutionarily recent fragmentation of a refugial population, rather than of gene flow among ancient populations.
Harbour porpoises are small and difficult to see in the water, and they tend to avoid boats. Individuals bear few marks that could be used for individual identification as can be done, for example, with humpback whales and bottlenose dolphins. These characteristics make the study of behaviour in wild populations very difficult. However, one study of porpoises in the Bay of Fundy suggested that some females return to the area annually (Gaskin & Watson 1985) . Whether site fidelity was a behaviour common in harbour porpoises or unique to these particular females remains to be tested. Wang et al. (1996) published the first genetic study of harbour porpoises in the region. Using mtDNA RFLP analysis, they concluded that female porpoises are more philopatric than males, supporting the previous study. To test this hypothesis using higher resolution mtDNA control-region sequences, we subdivided our samples into males and females and reanalysed the data set using an amova. Analysis of females alone produced the highest levels of genetic variance attributable to between-population comparisons, while analysis of males alone produced a lower overall F ST value and a correspondingly higher estimate of Nm, although, interestingly, significant population subdivision was detected among males when haplotype frequencies only were used in the analysis. These data support the hypothesis that throughout the northwest Atlantic, females show stronger site fidelity than males, a behaviour that would be difficult to quantify in the field.
However, males may also show site fidelity to a lesser degree. Although the overall degree of population subdivision measured in males was lower than in females ( Table 3 ), suggesting that male movement dilutes the differentiation of populations, several pairwise population comparisons using males differed significantly from zero (Table 4) . Analyses of contaminant levels in male porpoises from the Gulf of St Lawrence and Newfoundland also revealed significant differences between these two populations, suggesting that movement of males between these areas is limited (Westgate & Tolley 1999) . Analysis of contaminant loads provides information on an ecological timescale, while genetic analyses provide information on an evolutionary timescale. The relatively recent (evolutionarily) separation of these populations, coupled with low levels of male movement between them, may limit the ability of genetic data to differentiate the males, while contaminant analysis was better able to detect the differences.
In contrast to the mtDNA data, the six harbour porpoisespecific microsatellite loci, while highly variable, detected no population differentiation among the northwest Atlantic populations surveyed. Although nonsignificant, the trends seen in the microsatellite data did mirror the results of the mtDNA data, e.g. the Gulf of Maine population differed most from all others. One possible conclusion to draw from this result is that male-mediated gene flow is sufficiently high to maintain near homogeneity among these loci, while stronger female philopatry results in significant geographical heterogeneity in the maternally inherited mtDNA sequences.
Mid-Atlantic states
While the summer range of harbour porpoises in the northwest Atlantic is well defined, where animals spend the winter is not well known. When water temperatures drop and/or ice begins to form in the northern regions, porpoises appear to migrate out of these areas (Gaskin 1992) . While the species is common in the Bay of Fundy in the summer, winter abundance is much lower (Gaskin 1992) . Stranding records along the mid-Atlantic states (New York to North Carolina) document an increase in harbour porpoises during late winter and early spring (Polachek et al. 1995) , suggesting that some proportion of the northwest Atlantic populations move south along the US coast during the winter. However, the source of these animals is unknown. Are they simply animals from the Gulf of Maine that have followed the coastline south, or does the mid-Atlantic region provide a wintering area for animals from other summer populations such as the Gulf of St Lawrence, Newfoundland or even West Greenland?
In 1993, 50 harbour porpoises stranded along the mid-Atlantic states, the majority of which were less than 1 year old (Haley & Read 1993 ). An additional 124 animals were stranded between 1994 and 1996 (inclusive) along the states of Maryland, Virginia and North Carolina (A. Read, personal communication) . Some of these animals exhibited signs of human interactions, most commonly entanglement in fishing gear. In order to manage harbour porpoise populations effectively, it is critical that the bycatch be attributed to the correct population stock. Thus, there is a substantial need for determining where these winter animals originate. To analyse this question, we repeated the amova analysis on the mtDNA sequences with the mid-Atlantic states sample included. Inclusion of this sample reduced overall F ST and Φ ST values for comparisons of females, males and both sexes combined. This is the pattern expected if the mid-Atlantic states sample comprises mixed stocks. If the mid-Atlantic states aggregation consisted solely of animals from the Gulf of Maine, we would have expected it to show the same pattern as the Gulf of Maine sample, i.e. significant divergence from all other summer populations. In fact, in pairwise comparisons involving the mid-Atlantic states, the only significant F ST value obtained was that between the Gulf of Maine vs. mid-Atlantic states samples. In addition, haplotype diversity estimates for the Gulf of Maine (0.839 ± 0.04) were significantly lower than any other population, including the mid-Atlantic states (0.95 ± 0.02). Some haplotypes unique to the Gulf of St Lawrence or West Greenland summer populations appeared in the winter mid-Atlantic states sample. In fact, eight of the 28 haplotypes present in the winter sample were unique to that sample, suggesting that either not all source populations were surveyed or, more likely, we did not have sufficiently large sample sizes from the source populations to have surveyed all of the diversity present within them. In order to account for the presence of other haplotypes, we concluded that the mid-Atlantic states winter aggregation comprised more than just Gulf of Maine animals. The contingency table analysis of mtDNA haplotype frequencies supports this conclusion. However, this test could not reject any of the other populations (Gulf of St Lawrence, Newfoundland, West Greenland) as being the sole source of the mid-Atlantic states sample. This result seems at first to be contradictory to the conditional maximum-likelihood analysis, which indicated that more than one summer population was present in the winter sample. However, because the contingency test analysis could not distinguish between the winter sample and any of the three (non-Gulf of Maine) summer populations, it probably could not distinguish between a winter sample comprising a mixture of the summer populations and any one of the summer populations either. Thus, together these analyses demonstrate that the mid-Atlantic states winter sample probably comprises porpoises from more than one summer population, that any of the four summer populations could contribute to the winter sample and, finally, that the relative contributions of any of the summer populations is very imprecisely determined by the mtDNA data.
Management implications
Genetic data collected globally from harbour porpoises reflects the existence of at least two probable evolutionarily significant units, as defined by Moritz (1994) ; one in the northeast Pacific and one in the North Atlantic (Rosel et al. 1995; Wang et al. 1996) . These two porpoise populations exhibit reciprocal monophyly in mtDNA sequences, but no nuclear data is available, and so the definition of evolutionarily significant units for these populations has not been fully tested. Within the North Atlantic there is no evidence for reciprocal monophyly or unique diagnosable groups among any populations (Rosel et al. 1999) . Thus, both the evolutionarily significant unit concept and the phylogenetic species concept (Vogler & DeSalle 1994) would support pooling of all North Atlantic porpoises into one conservation unit. Defining units for management of exploited marine fish and mammal species differs, however, from defining units for conservation of most rare or endangered terrestrial species where the evolutionarily significant unit and phylogenetic species concepts are often applied. Management of exploited marine species must be able to predict and incorporate the effects of harvesting and/or bycatch on the sustainability of any given population stock. Pooling of all North Atlantic populations into one management unit means that the overall quota of allowable porpoise bycatch for the North Atlantic, which could number upwards of 5000 animals, could conceivably occur within one small geographical region. The biological impact of such a removal of porpoises from any given geographical locale is not known; even if there is gene flow into this region from other areas would it be sufficient to maintain the population in the face of substantial incidental mortality? For a risk-averse strategy of management of many cetacean species, the use of evolutionarily significant units or phylogenetic species concept criteria is too restrictive (see also Baker & Palumbi (1997) ).
However, in the northwest Atlantic, the mtDNA data do support a significant partitioning of genetic variation among the four defined summer populations. Thus, can we define management units (Moritz 1994) in this region? The Gulf of Maine population revealed significant divergence in mtDNA sequences and frequencies when compared with the other three populations. This population can then be considered a management unit. The Newfoundland sample was also significantly differentiated from the Gulf of St Lawrence and West Greenland. Thus, the Newfoundland population may also be considered a management unit. This then leaves only the Gulf of St Lawrence -West Greenland pair undifferentiated. The lack of distinction between these two populations could be a result of gene flow between them, or an artefact of insufficient power to detect differences given the relatively recent repopulation of these regions following the retreat of the glaciers. Finally, the genetic analysis suggests that there is probably a mixed stock occurring off the mid-Atlantic states in winter. Allocating winter bycatch to the appropriate summer population is the next step in fulfilling management needs for this species in the northwest Atlantic.
